Introduction
Chronic myeloid leukaemia (CML) is a clonal myeloproliferative disorder that arises in a haemopoietic stem cell (HSC). At diagnosis, the leukaemic cells are characterised by the Philadelphia (Ph) chromosome and BCR-ABL oncogene. 1 Typically, the disease follows three relatively distinct phases: chronic phase (CP) lasting on average 5 years, accelerated phase (AP) lasting 6-12 months and an aggressive blast phase (BP), which may be myeloid or lymphoid and is invariably fatal. CML, in the CP, is unlike any other form of cancer and represents an excellent model to study disease progression. Early on, BCR-ABL confers only subtle alterations to cellular behaviour including an antiapoptotic phenotype and mild proliferative growth advantage. 2 Information derived from atomic bomb survivors demonstrate that it takes many years (on average seven) from the initial causative genetic event in an HSC before the leukaemia presents in patients. 3 Mature blood cells derived from the Ph þ stem and progenitor cells function normally as red cells, platelets and neutrophils, and patients require minimal therapy with hydroxyurea to curb the expansion of myeloid cells and thus prevent symptoms caused by leucocytosis and splenomegaly. During this CP, and before additional genetic mutations induce disease progression, we might therefore expect molecular pathways involved in HSC homeostasis and turnover to parallel/mirror those of Ph À normal counterparts, and not to be deregulated to the degree observed in other forms of cancer. In the case of telomere regulation, the subtle increase in proliferation within the Ph þ stem cell compartment is thought to result in enhanced telomere shortening within the Ph þ clone as compared to polyclonal T cells within the same individuals. 4 The degree and rate of telomere shortening appear to offer prognostic information regarding time to progression, and correlate with Hasford risk score. 5 In the latter study, during progression of CP and AP CML, telomere loss in Ph þ peripheral blood leucocytes was measured at a rate some 10-20 times that of normal. Such rapid loss raises questions regarding the integrity and efficiency of telomere maintenance mechanisms in Ph þ HSC during CP, where critical telomere shortening has been postulated to contribute to genomic instability and progressive disease.
Telomerase, the enzyme responsible for telomere extension, has been shown to be upregulated in most forms of human cancer and is thought to play a critical role in tumour cell immortality. 6 It is of particular interest, therefore, to investigate the key components that reconstitute telomerase activity (TA) in the earliest phase of CML at the point where only BCR-ABL is known to be present in the abnormal HSC compartment, during which rapid telomere loss occurs and before the disease progresses and becomes similar to other forms of cancer. CP is generally considered to be the therapeutic window during which attempts to cure CML are made. An understanding of the complexities of telomerase gene regulation during CP may therefore offer new therapeutic approaches to the treatment of CML.
The aim of this study was, therefore, to quantitate expression of the major telomerase components hTR and hTERT (and its alternatively spliced mRNA species) in purified BCR-ABLpositive and negative CD34 þ cells, and to correlate these data with TRAP activity and cell-cycle status of the cells.
Methods

Patient samples and cell lines
All cell samples were obtained from CML patients leucapheresed prior to treatment and at the time of diagnosis (n ¼ 16), or non-CML patients (ie nonclonal normal CD34 þ cells, n ¼ 14) at the time of peripheral blood stem cell mobilisation and collection (allogeneic peripheral blood stem cell donors n ¼ 2, non-Hodgkin's lymphoma n ¼ 10, multiple myeloma n ¼ 2). Normal PBL (n ¼ 5) were obtained by venepuncture of healthy volunteer donors with subsequent NH 4 Cl red cell lysis. Written informed consent was obtained according to an Ethical Committee-approved protocol. Human spleen and testes cDNA were obtained from OriGene Technologies Inc. (Rockville, MD, USA). A series of alternative lengthening of telomeres (ALT) and  human leukaemia cell lines were used to establish dynamic  ranges for hTERT Q-RT-PCR (SUSM-1, KMST-6, KY01, LAMA84,  K562, EM2, KU812, BV173, TOM1 and ALL-MIK) .
CD34
þ -cell selection 
FISH for BCR-ABL
To confirm that the selected populations of CD34 þ cells from CML patients were clonal in origin (ie BCR-ABL positive), we performed dual colour FISH on an appropriately fixed aliquot. FISH staining was performed using the Vysis LSI BCR-ABL Dual Colour Translocation Probe (Vysis, Richmond, UK) and DAPI (Sigma, Poole, Dorset, UK) as a counter stain according to the manufacturers' instructions and imaged on an epi-fluorescence microscope with a 100-watt mercury lamp with appropriate single band pass filters.
Cell-cycle analysis
This was done using the method of Jordan et al 7 as previously described. Flow-cytometric analysis was performed with loglinear analysis on FL1 (Ki67, Becton Dickinson) and linear analysis on FL3 (7-AAD, Sigma). To distinguish cells from aggregates and debris, the cell population was gated within FSC vs 7-AAD. This gate was analysed in Ki67 vs 7-AAD and the relative percentages in each stage of the cell cycle calculated. In all experiments at least 10 4 events were collected.
PCR
Total cellular RNA was extracted using TRIzol reagent (Life Technologies), according to the manufacturer's instructions. cDNA was synthesised from 1 mg of total RNA using the Abgene Reverse-iTt 1st Strand Synthesis Kit (Abgene, Epsom, UK). The integrity of generated cDNA was assessed by performing PCR for GAPDH as a housekeeping gene with the Taq PCR Core Kit (Qiagen, Crawley, West Sussex, UK) and using the primers Figure 1 ) are detected. Intraexperimental variation in results was extremely low (CV 2.2%, data not shown). Analysis of interexperimental variation gave a CV of 17.5% (data not shown). As the hTR gene lacks introns, the Ambion DNA-freet Kit (Ambion UK, Huntingdon, UK) was used to remove contaminating DNA prior to hTR Q-RT-PCR. Minus-RT controls were incorporated to exclude amplification of contaminating DNA. Only samples that demonstrated o0.1% levels of DNA contamination (as calculated by [ÀRT control hTR transcript number/ þ RT hTR transcript number] Â 100) were included for analysis. For each sample simultaneous quantitation of the housekeeping gene PBGD was performed, thereby correcting for RNA loading. Results were expressed as a percentage of PBGD expression. Use of the same housekeeping gene and identical PCR conditions in both the hTR and hTERT assays permitted direct comparison of transcript levels of each gene in the same sample. For hTERT splice-variant PCR we used primers designed to generate a 457 bp product containing the A and B reverse transcriptase motifs, and therefore able to detect the a and b deletions when present ( Figure 1 ). Splice variant products were amplified from 1 ml cDNA using the hT2164F ( The reverse transcriptase domain of hTERT mRNA with alternative splicing sites and respective PCR products. 1, 2 and A-E represent the conserved reverse transcriptase (RT) motifs. The position of deletions a and b are illustrated (as originally described by Kilian et al 33 ), flanked by primers hT2164F and hT2620R. The potential PCR products from the alternative splice combinations are shown, with the full-length product ( þ a þ b) extending from base 2164-2620 (457 bp). Loss of the a domain (Àa) removes a 36 bp sequence from the A motif, with the translated protein appearing to confer dominant-negative hTERT activity. 34 Splicing of the b site causes a 182-bp deletion, resulting in translation of a nonfunctional truncated protein. 35 Domains 1 and 2 are hTERT specific and A-D are common to all reverse transcriptases. 36 (Qiagen, Crawley, UK). We used the following cycles: 941C for 15 min, followed by 40 cycles of 951C for 30 s, 641C for 45 s, 721C for 45 s, and finally 721C for 5 min. PCR products were separated and quantitated on an Agilent 2100 Bioanalyser (Agilent Technologies, Palo Alto, CA, USA) using a DNA 1000 LabChipt (Agilent). PCR product concentrations were automatically calculated in ng/ ml, and sized in bp by the instrument.
Telomeric repeat amplification protocol (TRAP assay)
TA of PBL and CD34 þ selected samples was determined using a modification of the TRAP assay described by Kim et al. 8 Dry cell pellets (10 4 -10 5 cells) were stored at -801C until required, whereupon they were lysed with NP-40/NaDOC (Calbiochem, Nottingham, UK) lysis buffer. Protein concentrations were measured, and 10 ml of appropriately diluted extracts (containing 1 and 0.1 mg protein extract of each sample) was added to 40 ml reaction buffer (50 mM dNTPs, 1 mg telomerase substrate (TS) primer (5 0 -AATCCGTCGAGCAGAGTT-3 0 ), 20 mM Tris/HCl pH 8.3, 1.5 mM MgCl 2 , 63 mM KCl, 1 mM EGTA, 0.1 mg/ml bovine serum albumin, 2 U Taq DNA polymerase (Invitrogen) and 1 mg alternative complementary (ACX) primer (5 0 -GCGCGGCTTACCCTTACCCTTACCCTAACC-3 0 )). Samples were incubated at room temperature for 30 min and then heat inactivated for 10 min at 851C. Telomerase elongated product in samples was amplified: 90 s at 901C then 31 cycles of 941C for 30 s, 501C for 30 s, 721C for 90 s. An aliquot of each sample was heat-treated (10 min, 851C) before assaying to serve as a negative control. An internal telomerase assay standard (ITAS, 15 attogram) was included in the PCR buffer. All samples were assayed blind and experiments were performed in duplicate. For semiquantitative analyses, 1 ml of PCR product was analysed on the Agilent Bioanalyser, using a DNA 500 Chip. The concentrations (ng/ ml) of the first six 6-bp incremental bands were added together (as previously described 9 ) and expressed as a percentage of 10 000 GLC4 cell equivalents. The first peak detected was 50 bp in length, and consisted of the primers plus one telomere repeat. This was therefore excluded from analysis and the next six peaks analysed. Limit of detection was 100 GLC4 cell equivalents. All samples were assayed blind.
Statistics
All statistical tests were two-sided. Comparison of groups of continuous variables was performed using the Mann-Whitney U test. GB-Stat Statistical Software for Windows (Dynamic Microsystems, Silver Spring, MD, USA) was used for all analyses, and significance was assumed for P-values o0.05.
Results
Peripheral blood BCR-ABL
þ CD34 þ cells demonstrate increased cell-cycle activity CP CML is associated with marked telomere shortening detectable in PBL. To quantify any increased cell-cycle activity in CML (and allow correlation with TRAP activity), we performed high-resolution cell-cycle analysis on a pure progenitor cell/HSC (CD34 þ selected) population. Resolution of G 0 vs G 1 and S/G 2 /M (data not shown) demonstrated significantly fewer CML as compared to normal CD34 þ cells in stage G 0 and correspondingly greater numbers in S/G 2 /M (Table 1) . This was in keeping with previous studies (reviewed in Holyoake et al 10 ). Furthermore, these data allowed us to control for any confounding effect on proliferation-dependent telomerase expression from G-CSF administration (for HSC mobilisation).
In vitro TA, as measured by TRAP, is increased in the BCR-ABL þ CD34 þ compartment and correlates with cell-cycle profile
It is conventional to assess TA semiquantitatively by using the TRAP assay. All CD34 þ samples expressed TRAP activity, with significantly higher levels (some 1.5-fold) detectable in CML (n ¼ 16) as compared to normal (n ¼ 9) cell populations (94.8722.1 vs 64.6721.3%, respectively, mean percentage activity of 10 4 GLC4 cells7s.d., P ¼ 0.004) (Figure 2 ). Importantly, TRAP activity correlated significantly with the cell-cycle profile of the samples, with samples containing a greater proportion of G 0 cells (ie normal samples) having the lowest TRAP activity (Figure 3) . Conversely, there was a trend towards samples with greater numbers in S/G 2 /M (ie primarily CML) having greater TRAP activity. After correction for the proportion of cells in G 0 however (assumed to be negative for TRAP activity) no statistically significant difference in TRAP between the populations was observed (98.5722.5 vs 76.6725.7%, mean percentage activity of 10 4 GLC4 cells7s.d., P ¼ 0.09, CML and non-CML samples, respectively). This supports the notion that relatively small differences in TRAP between these populations are primarily a reflection of cell-cycle status, and may not reflect a genuine cell-to-cell increase in TA in CML.
Full-length functional
To establish the dynamic range of hTERT gene expression we performed Q-RT-PCR for full-length ( þ a þ b, see Figure 1 ) functional hTERT mRNA on a number of primary cells or tissues and cell lines, which exhibit a well-established range of TA (Figure 4a ). Full-length ( þ a þ b) hTERT mRNA was detectable over a 3-log range in these samples. As would be expected, ALT cell lines had almost negligible full-length ( þ a þ b) hTERT expression while leukaemia cell lines had the greatest. Levels in unfractionated PBL from normal donors were comparable to splenic tissue, and expression was some six-fold higher in testes, a tissue capable of maintaining telomere length. Interestingly, despite their leukaemic origin, increased cycling and TRAP activity, the CML CD34 þ cells did not demonstrate a significant increase in full-length ( þ a þ b) hTERT expression (Figure 4b , P ¼ 0.08). A trend towards higher levels in the CML samples was largely the result of two samples, which exhibited markedly higher þ a þ b hTERT expression than the remainder. Comparison of the median level for both groups confirmed this: at 3.6 and 3.2% for CML and non-CML respectively. No correlation (either positive or negative) was observed between þ a þ b hTERT expression and percentage of cells in each of the cellcycle stages (data not shown). However, Q-RT-PCR on the LightCycler quantitated full-length ( þ a þ b) functional hTERT mRNA only; it is known that alternative splicing may play a role in regulation of hTERT expression and that other hTERT transcripts may be present, some of which may have a regulatory role.
Accumulation of full-length hTERT transcripts in CD34
þ cells involves mRNA splicing
Two possible ways in which an absolute increase of full-length ( þ a þ b) functional hTERT mRNA may occur are via a proportional increase in the total number of all hTERT transcripts, or via a shift in splicing patterns leading to an increase in the overall proportion of full-length ( þ a þ b) functional hTERT mRNA. While the former mechanism does not necessitate a shift in splicing patterns, the latter clearly does. To determine the relative expression of alternatively spliced hTERT mRNA products we utilised a single primer set to detect the four common patterns ( Figure 1 ) in a single PCR reaction, in conjunction with GAPDH PCR to control for cDNA quality ( Figure 5 ). Each isoform (full length, b-deleted, a-deleted or a b-deleted) was expressed as a percentage of total transcripts detected (ie all alternatively spliced species) thereby generating a profile of relative expression. By combining these data with quantitative (LightCycler) analysis of full-length ( þ a þ b) functional hTERT expression, a complete expression profile of the hTERT gene can be derived (as illustrated by histogram height in Figure 6 ). As can be seen from the height of the histogram in Figure 6 , the total transcript levels are similar for both CML and normal CD34 þ cells. Interestingly however, within the CML samples, a significantly greater proportion of the total transcript level is derived from full-length hTERT mRNA (P ¼ 0.001), and this appears to be at the expense of the þ aÀb, which was significantly reduced (P ¼ 0.004). When the results were analysed on a sample-to-sample basis, the proportion of fulllength transcript as determined by splice variant RT-PCR displayed a highly significant correlation with the absolute levels (as measured by Q-RT-PCR) for both CML and normal samples ( Figure 6 ). This suggests that subtle shifts in splicing patterns determine overall full-length þ a þ b hTERT expression in the CD34 þ population, as opposed to simply switching expression on or off.
hTR expression is reduced in BCR-ABL þ compared to normal CD34 þ cells
The other major component of telomerase, hTR, is also tightly regulated in the haemopoietic system, with elevated levels detectable in T-lymphocytes following stimulation. 11 Additional studies have shown it to be upregulated in solid tumours. 12, 13 To determine if hTR levels may be limiting for telomere maintenance in CP CML, we performed Q-RT-PCR for hTR in CML vs normal CD34 þ selected cells (Figure 7) . Interestingly, the mean hTR level in CML CD34
þ cells was some five-fold lower than that for normal. Furthermore, as hTERT and hTR are the minimal requirements for reconstituting TA in vitro, 14 it may therefore be of functional relevance if the ratio between these molecules is altered significantly as a result of altered expression of one or both components. The use of the same housekeeping gene for quantitation as that for hTERT (PBGD, with the same primers, probes and PCR conditions) allowed direct comparison of the relative hTERT:hTR expression ratio. This was 1:10 2 for hTERT:hTR in BCR-ABL þ CD34 þ cells and 1:10 3 for normal cells. An hTERT:hTR ratio of up to 1:10 4 has previously been described for tumour cell lines, 15 in which telomere maintenance occurs. It is therefore possible that an altered hTR:hTERT ratio, primarily as a result of reduced hTR expression as observed in our samples, adversely affects telomere maintenance.
Discussion
Marked telomere shortening has been observed during the progression of CML. To identify potential mechanisms for this phenomenon we have, for the first time, completely characterised the expression of hTERT (and its splice-variants), hTR and TRAP activity in a purified leukaemic progenitor/HSC population. By incorporating nonmalignant CD34 þ cells as normal controls, we have established the threshold expression of telomerase components in equivalent polyclonal cell types with which to compare leukaemic cells at all stages of the disease.
Our data explain, at least in the context of CML, the paradox of increased TRAP activity in association with greatly reduced telomere length: an increased proportion of cycling CD34 þ cells in CML results in greater detectable TRAP activity. That peripheral blood CML CD34 þ cells display increased cycling activity is in agreement with our previous study 16 and is supportive of a mechanism of replicative telomere loss. However, previous data describing a 2-5 fold increase in TRAP activity in CML CD34 þ cells 17 are very likely due to the differing cell-cycle profiles of the CML and non-CML populations. Our correlation of low TRAP activity in G 0 -rich samples is in agreement with previous studies demonstrating a clear correlation with TRAP and cell-cycle activity in tumours 18 and with downregulation of activity on entry into a quiescent state. 19 Many other investigators have demonstrated a clear pattern of TRAP activity in proliferating tissues such as oral mucosa 20 and endometrium. 21 In the haemopoietic system a similar relationship between proliferation and TRAP status exists: activity is repressed in CD34 þ CD38 À (quiescent) cells, with upregulation upon proliferation and expansion in the CD34 þ CD38 þ compartment prior to downregulation upon differentiation. 22 Thus, it seems that in normal tissues, primary solid tumours and leukaemias the over-riding determinant of TRAP status may be the percentage of cells in the cycling compartment rather than a cell-specific increase, as recently hypothesised. 23 TA is dependent on many factors but the expression of the hTERT and hTR genes are essential components of the enzyme. We therefore investigated the expression of hTR and hTERT in the context of CP CML. We showed no significant correlations between cell-cycle status and expression levels of hTERT or hTR, and in addition there was no obvious relationship between these parameters and TRAP activity in quantitative terms. However, only full-length þ a þ b hTERT is associated with TA and, in this regard, we demonstrated a 100% correlation (all samples expressed þ a þ b hTERT and exhibited TRAP activity).
The presence of alternatively spliced mRNA variants of hTERT represents an additional level of gene regulation as only the fulllength variant has the ability to make functional hTERT protein. transcripts were detected in CML CD34
þ cells vs non-CML. Interestingly, however, we demonstrated a close correlation between absolute full-length þ a þ b transcript levels and the percentage of all hTERT transcripts (by splicing pattern RT-PCR) that these represented. This suggests that subtle shifts in splicing patterns determine overall full-length þ a þ b hTERT expression in the CD34 þ population, as opposed to an alternative scenario in which splicing patterns remain static and transcriptional control solely determines absolute hTERT transcript levels. As far as we are aware, this is the first time such a quantitative relationship has been detected. Previously, a qualitative (ie on-off) relationship has been observed in foetal development, 24 with a remarkably consistent splicing pattern observed in tumour cell-lines. 15 However, cell lines are, by nature, a highly selected cell population and patterns of telomerase expression in such samples cannot necessarily be extrapolated to primary material. Unpublished studies by our group show widely different expression patterns of hTERT species in advancedstage CML and acute leukaemia. Importantly, these data indicate that a single primer set is able to detect differences in relative expression of transcripts, and that the more uniform data from CP cells is not artefactual (eg due to size-dependent competitive amplification).
A primary aim of this study was to determine if there were any CML-related differences in expression levels of hTERT or hTR, which could explain the rapid telomere loss observed during Electropherogram analysis of alternatively spliced hTERT mRNA RT-PCR products. A single set of primers was utilised to amplify the four potential alternatively spliced hTERT mRNA products. These were analysed on the Agilent Bioanalyzer instrument, and quantitated in mg/ ml. Incorporation of a DNA ladder (a) facilitates automatic sizing of each peak, the concentration of which is then determined automatically. The relative percentages of each product were then calculated. A representative CML CD34 þ selected sample exhibiting all four potential splice products is illustrated (b), with concentrations (and relative percentages of all transcripts) as follows; þ a þ b 4.0 mg/ml (16.5%), Àa þ b 0.5 mg/ml (2.1%), þ aÀb 19.3 mg/ml (79.8%) and -aÀb 0.4 mg/ml (1.7%). RT-PCR for the housekeeping gene GAPDH is shown in (c). Sizes (in bp) of each of the relevant peaks are indicated and a 'gel' like image is shown for comparison in each of the right-hand panels. LM, lower marker; UM upper marker.
disease progression. Analysis of hTR expression revealed a fivefold decrease in expression in BCR-ABL þ CD34 þ cells compared to normal. This is of particular interest given that hTR has now been shown to be limiting for telomere homeostasis in vivo, 25 as also seen in the inherited disorder DKC. 26, 27 Indeed, that haploinsufficiency of hTR can result in telomere shortening would imply that a normal cell contains just enough hTR for telomere maintenance, as recently suggested. 28 Interestingly, several studies have detailed low hTR levels resulting in telomere shortening with no detectable fall in TRAP activity. 29, 30 Such data would support a model in which CML cells expressing subnormal levels of hTR (but not detectably deficient in TRAP activity) undergo progressive telomere shortening as a result. hTR may only become limiting transiently, as a cell requires maximal telomerase function 27 (eg during S phase). Thus, it may have no detectable effect on baseline TRAP activity, or the latter assay may be insufficiently sensitive to detect it. Whether the ratio of hTR to hTERT is significant in this regard is entirely speculative, but is an intriguing possibility. We observed a log-change in the ratio of the major telomerase components in CML CD34 þ cells, the first time such an observation has been made in normal and leukaemic HSC. These data may help to explain the telomere erosion observed during CP CML and highlights the value of investigating telomerase gene expression during a key phase of CML progression.
The BCR-ABL tyrosine kinase has myriad downstream effects upon many cellular pathways. It is not unreasonable, therefore, to speculate that TA may be altered as a result of BCR-ABL acquisition. Data to support such a notion have been provided by Kharbanda et al, 31 demonstrating c-abl to be a key inhibitor of TRAP activity via phosphorylation of hTERT. In support of 
Figure 7
Reduced hTR expression in CML CD34 þ cells. Q-RT-PCR was performed for hTR, using identical PCR conditions (and the same housekeeping gene) as for hTERT. A significant (P ¼ 0.002) reduction in hTR expression was observed for the CML samples. these data, a recent study demonstrated that antisense inhibition of BCR-ABL promoted TA. 32 Furthermore, the phosphorylation status of hTERT appeared crucial to determining its subcellular localisation. 11 In light of our data demonstrating markedly reduced hTR levels in CML HSC, it is tempting to speculate that BCR-ABL-mediated dysregulation and/or altered localisation of key telomerase components (eg hTERT) could compromise telomere homeostasis, perhaps via reduced stability of hTR. Such hypotheses demand further testing in vitro.
In summary, we have fully characterised expression, activity and mRNA splicing-mediated regulation of the major telomerase components, and provide evidence to suggest that hTR is dysregulated in CP CML CD34 þ cells. This, in conjunction with increased cell-cycle activity, may contribute to the rapid telomere loss seen in the early stages of this disorder and during disease progression.
